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abstract
 
The inositol 1,4,5-trisphosphate receptor (InsP
 
3
 
R) forms ligand-regulated intracellular Ca
 
2
 
1
 
 release
channels in the endoplasmic reticulum of all mammalian cells. The InsP
 
3
 
R has been suggested to have six trans-
membrane regions (TMRs) near its carboxyl terminus. A TMR-deletion mutation strategy was applied to deﬁne
the location of the InsP
 
3
 
R pore. Mutant InsP
 
3
 
Rs were expressed in COS-1 cells and single channel function was de-
ﬁned in planar lipid bilayers. Mutants having the ﬁfth and sixth TMR (and the interceding lumenal loop), but
 
missing all other TMRs, formed channels with permeation properties similar to wild-type channels (gCs 
 
5 
 
284;
 
gCa 
 
5 
 
60 pS; 
 
P
 
Ca
 
/
 
P
 
Cs
 
 
 
5 
 
6.3). These mutant channels bound InsP
 
3
 
, but ligand occupancy did not regulate the con-
stitutively open pore (
 
P
 
o
 
 
 
. 
 
0.80). We propose that a region of 191 amino acids (including the ﬁfth and sixth TMR,
residues 2398–2589) near the COOH terminus of the protein forms the InsP
 
3
 
R pore. Further, we have produced a
constitutively open InsP
 
3
 
R pore mutant that is ideal for future site-directed mutagenesis studies of the structure–
function relationships that deﬁne Ca
 
2
 
1
 
 permeation through the InsP
 
3
 
R channel.
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introduction
 
The inositol 1,4,5-trisphosphate receptor (InsP
 
3
 
R)
 
1
 
gene family encodes a highly homologous group of
proteins localized to the endoplasmic reticulum (ER).
The InsP
 
3
 
R gene family has three members (types 1, 2,
and 3) that are ubiquitously expressed in metazoans
(Newton et al., 1994; Nakanishi et al., 1996; De Smedt
et al., 1997). The InsP
 
3
 
R proteins tetramerize to form
ion channels that are responsible for the regulated re-
lease of Ca
 
2
 
1
 
 from intracellular Ca
 
2
 
1
 
 stores (reviewed
in Bezprozvanny and Ehrlich, 1995; Joseph, 1996). The
single channel properties of the three InsP
 
3
 
R Ca
 
2
 
1
 
channels (types 1, 2, and 3) have been deﬁned by re-
constituting the native receptor complex into planar
lipid bilayers (Bezprozvanny et al., 1991; Hagar et al.,
1998; Ramos-Franco et al., 1998a). Recently, the single
channel properties of a recombinant type 1 InsP
 
3
 
R
channel and a splice variant have been deﬁned (Kaz-
nacheyeva et al., 1998; Ramos-Franco et al., 1998b).
The recombinant and native InsP
 
3
 
R channels have
nearly identical functional properties. The capacity to
deﬁne single channel behavior of recombinant InsP
 
3
 
Rs
established a foundation from which new molecular/
biophysical approaches can be used to deﬁne the struc-
ture–function properties of the InsP
 
3
 
R channel family.
A ﬁrst step towards understanding structure–function
relationships in any protein is to locate the primary se-
quences that associated with its general features, such
as ligand binding and/or transmembrane regions
(TMRs). Analysis of the recombinant InsP
 
3
 
R revealed
that this protein is composed of three domains: the
 
NH
 
2
 
-terminal InsP
 
3
 
-binding domain, the COOH-terminal
channel domain, and the central coupling domain
(Mignery and Südhof, 1990; Südhof et al., 1991). The
originally proposed channel domain contains all the
putative TMRs. This interpretation is consistent with
several lines of evidence. For example, deletion of the
channel-domain generates soluble monomeric InsP
 
3
 
-
binding proteins. The green ﬂuorescent protein–-
tagged channel-domain, after deletion of the InsP
 
3
 
-
binding and coupling domains, oligomerizes and is lo-
calized to the ER (Sayers et al., 1997). Currently, it is
thought that the InsP
 
3
 
R’s channel domain has six
TMRs. A six-TMR model is consistent with immu-
nogold electron microscopy studies showing that the
NH
 
2
 
 and COOH termini are both localized in the cyto-
plasm (Mignery et al., 1989). It is also consistent with
glycosylation data that demonstrates that the loop be-
tween the ﬁfth and sixth TMR is lumenal (Michikawa et
al., 1994). Moreover, the six-TMR model was experi-
mentally conﬁrmed by differential permeabilization
combined with immunohistochemistry (Galvan, D., E.
Borrego-Diaz, P.J. Perez, and G.A. Mignery, manuscript
submitted for publication).
The InsP
 
3
 
R protein is thought to tetramerize to form
functional Ca
 
2
 
1
 
 release channels (Mignery et al., 1989).
It is clear that important determinants of InsP
 
3
 
R tet-
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ramerization are associated with the TMRs (Mignery
and Südhof, 1990; Galvan, D., E. Borrego-Diaz, P.J.
Perez, and G.A. Mignery, manuscript submitted for
publication). Galvan and co-workers constructed sev-
eral TMR-deletion mutants from the full-length type 1
InsP
 
3
 
R cDNA to deﬁne important determinants of
InsP
 
3
 
R tetramerization. At least two TMRs are required
for the initiation of InsP
 
3
 
R channel assembly (Galvan,
D., E. Borrego-Diaz, P.J. Perez, and G.A. Mignery,
manuscript submitted for publication). Tetrameriza-
tion is also stabilized in the presence of additional
TMRs and in the presence of the COOH terminus. Fur-
ther, two studies have implicated the ﬁfth and sixth
TMRs as a particularly strong determinant of InsP
 
3
 
R
tetramerization (Joseph et al., 1997; Galvan, D., E. Bor-
rego-Diaz, P.J. Perez, and G.A. Mignery, manuscript
submitted for publication). This region of the InsP
 
3
 
R
has three notable attributes. First, the sixth TMR is a
point of very high sequence homology with the RyR
channel (Mignery et al., 1989). Second, the ﬁfth and
sixth TMRs contain a putative leucine zipper motif that
could be important for stable tetramerization and/or
pore formation (Galvan, D., E. Borrego-Diaz, P.J. Perez,
and G.A. Mignery, manuscript submitted for publica-
tion). Third, the lumenal 5–6 loop has been proposed
to be analogous to the H-loop of voltage-activated Ca
 
2
 
1
 
,
Na
 
1
 
, and K
 
1
 
 channels (Mignery and Südhof, 1993).
It is reasonable to hypothesize that the ﬁfth and sixth
TMR and the interceding loop are the most likely re-
gion of the InsP
 
3
 
R to form the trans-ER ion permeation
pathway. To experimentally test this hypothesis, single
channel function of different type 1 InsP
 
3
 
R TMR-deletion
mutants was deﬁned in planar bilayer studies. Our data
indicate that the ﬁfth and sixth TMRs and the interced-
ing loop contain important structural determinants of
the InsP
 
3
 
R channel’s permeation pathway that govern
its conduction and selectivity. Our data also suggest
that the 1–4 TMR region of the pInsP
 
3
 
R contains im-
portant sequence and/or structural elements that regu-
late gating of the pore.
 
materials and methods
 
Materials
 
[
 
3
 
H]InsP
 
3
 
 (21 Ci/mmol) was obtained from Du Pont-New En-
gland Nuclear. Unlabeled InsP
 
3 
 
was purchased from LC Labora-
tories Inc., and heparin was from Sigma Chemical Co. Ryanodine
was purchased from Calbiochem Corp. Lipids, 
 
l
 
-
 
a
 
-phosphatidyl-
choline, 
 
l
 
-
 
a
 
-phosphatidylethanolamine, and 
 
l
 
-
 
a
 
-phosphatidylserine
were obtained from Avanti Polar Lipids.
 
Plasmid Construction and Expression
 
The full-length type 1 plasmid (pInsP
 
3
 
R-T1) was assembled from
overlapping cDNA clones isolated from a rat brain library as pre-
viously described (Mignery et al., 1990). This plasmid is identical
to the pInsP
 
3
 
R plasmid we used previously (Ramos-Franco et al.,
 
1998b). Two TMR-deletion plasmids were also used in this study.
The expression plasmid pInsP
 
3
 
R
 
D
 
1-4 encoded a protein missing
residues 2211–2416. The expression plasmid pInsP
 
3
 
R
 
D
 
5-6 en-
coded a protein missing residues 2398–2589. Construction strate-
gies of these two expression plasmids is described in detail else-
where (Galvan, D., E. Borrego-Diaz, P.J. Perez, and G.A. Mignery,
manuscript submitted for publication). Galvan and co-workers
denoted the plasmids as TMR5-6
 
1
 
C and TMR1-4
 
1
 
C, respec-
tively. Here, the plasmids (pInsP
 
3
 
R-T1, pInsP
 
3
 
R
 
D
 
1-4, and
pInsP
 
3
 
R
 
D
 
5-6) were transiently transfected into COS-1 cells. COS-1
cells were transfected with each plasmid or sheared salmon
sperm (SS) DNA using the DEAE-dextran method as described
by Gorman (1985). The sheared SS DNA was used to mock trans-
fect COS-1 cells and served as a negative control. Cells were incu-
bated at 37
 
8
 
C, 5% CO
 
2
 
 for 48–72 h before harvesting for bio-
chemical and functional analysis. Typical transfection efﬁciencies
were routinely 60% or greater, as determined by indirect immuno-
ﬂuorescence or via green ﬂuorescent reporter chimeras.
 
CHAPS Solubilization and Gradient Sedimentation
 
COS-1 cells transfected with either pInsP
 
3
 
R-T1, pInsP
 
3
 
R
 
D
 
1-4 and
pInsP
 
3
 
R
 
D
 
5-6, or the SS DNA were harvested 48–72 h after trans-
fection, and microsomes were prepared as described previously
(Mignery et al., 1990). COS-1 cells were washed with PBS, har-
vested by scrapping into 50 mM Tris-HCl, pH 8.3, 1 mM EDTA, 1
mM 2-mercaptoethanol, 1 mM PMSF, and lysed by 40 passages
through a 27-gauge needle. Membranes were pelleted by a 20-
min centrifugation (289,000 
 
g
 
), resuspended in buffer, and ei-
ther used immediately or frozen at 
 
2
 
80
 
8
 
C. Microsomal fractions
were solubilized in 50 mM Tris-HCl, pH 8.3, 1 mM EDTA, 1 mM
2-mercaptoethanol, 1 mM PMSF, 1.8% CHAPS {3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate} on ice for 1 h.
Insoluble fractions were eliminated by a 10-min centrifugation at
289,000 
 
g
 
, and the supernatant containing solubilized receptor
was fractionated through 5–20% sucrose (wt/vol) gradients as
previously described (Mignery et al., 1989). COS-1 cell micro-
somes and sucrose gradient fractions were analyzed by 5% so-
dium dodecyl sulfate PAGE as described previously (Mignery et
al., 1990), followed by immunoblotting with the InsP
 
3
 
R antibody
and detected using chemiluminescence reagents (Amersham
Life Sciences, Inc.). Gradient fractions containing recombinant
receptor protein were reconstituted into proteoliposomes as pre-
viously described (Ramos-Franco et al., 1998a).
 
InsP
 
3
 
 Binding Assays
 
[
 
3
 
H]InsP
 
3
 
 ligand binding assays were performed as previously de-
scribed (Mignery et al., 1990). Binding assays were performed us-
ing 50 
 
m
 
g of membrane protein in 100 
 
m
 
l of 50 mM Tris-HCl, pH
8.3, 1 mM EDTA, 1 mM 2-mercaptoethanol, 1 mM PMSF contain-
ing 9.52 nM [
 
3
 
H]InsP
 
3
 
 
 
6
 
 1 
 
m
 
M unlabeled InsP
 
3
 
. Samples were in-
cubated on ice for 10 min, and then the radioactivity of the mem-
brane pellets was determined by scintillation spectrometry. All as-
says were performed in quadruplicate and replicated three times.
 
Single Channel Assay
 
Planar lipid bilayers were formed across a 150-
 
m
 
m diameter aper-
ture in the wall of a Delrin partition as described (Ramos-Franco
et al., 1998b). Lipid bilayer–forming solution contained a 7:3
mixture of phosphatidylethanolamine and phosphatidylcholine
dissolved in decane (50 mg/ml). Proteoliposomes were added to
the solution on one side of the bilayer (deﬁned as the cis cham-
ber). The other side was deﬁned as the trans chamber (virtual
ground). Standard solutions contained 220 mM CsCH
 
3
 
SO
 
3
 
 cis
(20 mM trans), 20 mM HEPES, pH 7.4, and 1 mM EGTA 
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{[Ca
 
2
 
1
 
]
 
FREE
 
 
 
5 
 
250 nM; Ca
 
2
 
1
 
 added as Ca(CH
 
3
 
SO
 
3
 
)
 
2
 
}. The
[Ca
 
2
 
1
 
]
 
FREE
 
 was veriﬁed using a Ca
 
2
 
1
 
 electrode. The Ca
 
2
 
1
 
 elec-
trodes were comprised of the Ca ligand ETH 129 in a polyvinyl-
chloride membrane at the end of small (2 mm) polyethylene
tube. These Ca
 
2
 
1
 
 minielectrodes were made and used as de-
scribed previously (Baudet et al., 1994). A custom ampliﬁer was
used to optimize single-channel recording. Acquisition software
(pClamp; Axon Instruments), an IBM compatible 486 computer,
and a 12 bit A/D-D/A converter (Axon Instruments) were used.
Single channel data were digitized at 5–10 kHz and ﬁltered at 2
kHz. Ligands (1 
 
m
 
M InsP3, 50 mg/ml heparin, 10 mM ryanodine)
were added symmetrically to reconstituted single channels. Open
probability and unitary current amplitude was deﬁned from
Gaussian ﬁtting of total amplitude histograms. Selectivity was de-
ﬁned under bionic conditions. The trans solution contained 30
mM Ca21 and the cis solution contained 30 mM Cs1 as charge
carrier. Unitary current was recorded during the application of a
voltage ramp protocol (250 to 150 mV over 3 s). To calculate
the Ca21/Cs1 selectivity ratio (PCa/PCs), the apparent reversal po-
tential (Erev) was measured from constant ﬁeld equation:
where R, T, and F have their usual meanings. Note that [Ca]trans/
[Ca]cis was equal to one.
results
Expression and Isolation of Type 1 InsP3R
TMR-deletion Mutants
The full-length (pInsP3R-T1) and TMR-deletion
(pInsP3RD1-4 and pInsP3RD5-6) mutants were trans-
fected into COS-1 cells using the DEAE-dextran
method (Gorman, 1985). A schematic of the full-length
and deletion mutants used in this study is shown in Fig.
1 A. The putative pore region of the InsP3R includes
the 150 amino acids bounded by the ﬁfth and sixth
TMRs. A sequence aligned between the type 1 InsP3R
and ryanodine receptor 2 (RyR2) proteins over this re-
gion is illustrated in Fig. 1 B. The ﬁfth and sixth InsP3R
TMRs are boxed, and identical residues in the InsP3R
and RyR sequences are shaded. Residues marked by a
star indicate those conserved between all three InsP3R
isoforms and RyR2. These expression vectors were
under the control of the cytomegalovirus promoter
(Mignery et al., 1990), and these plasmids expressed
immunoreactive InsP3R protein. Microsomes prepared
from COS-1 cells transfected with sheared SS DNA re-
vealed no immunoreactive endogenous receptor pro-
tein (Fig. 1 C). Extended exposures of the SS DNA
Western blots revealed only low levels of immunoreac-
tive protein (data not shown). Microsomes (10 mg pro-
tein) from cells expressing the pInsP3R-T1, pInsP3RD1-4,
and pInsP3RD5-6 plasmids were Western blotted with
antibodies directed against the NH2 and COOH ter-
mini of the receptor. Blots performed with the COOH-
terminus antibody are shown in Fig. 1 C. These data in-
dicate that the expressed InsP3R proteins were of the
Erev
RT
2F
--------
4PCa Ca [] trans
PCs Cs [] cis
-----------------------------------, ln =
expected size and targeted to the correct microsomal
fraction. It is possible that over expression of recombi-
nant InsP3R may induce elevated expression of endoge-
nous receptor. This possibility was thoroughly exam-
ined and dispelled in a previous study (Ramos-Franco
et al., 1998b). The absence of full-length receptor in
the TMR-deletion mutant lanes of the Western blot in-
dicates that there was no substantial upregulation of
endogenous type 1 receptor in this study (Fig. 1 C).
The abundance of recombinant InsP3R protein (com-
pared with the endogenous receptor) was comparable
with that observed in our previous recombinant InsP3R
Figure 1. Construction and expression of the type 1 (SI2/SII1)
InsP3 receptor membrane spanning domain deletion plasmids.
(A) Schematic representation of the constructions used in this
study. Membrane spanning region deletions pInsP3RD5-6 and
pInsP3RD1-4 are illustrated below the full length receptor (InsP3R-
T1). Deleted residues in pInsP3RD5-6 and pInsP3RD1-4 (residues
2398–2589 and 2211–2416, respectively) are indicated as un-
shaded regions. Vertical bars represent the membrane spanning
domains. (B) The 150 amino acids bounded by the ﬁfth and sixth
TMRs of the type 1 InsP3R are aligned with the RyR2 sequence.
The ﬁfth and sixth InsP3R TMRs are boxed. Identical residues are
shaded. Marked residues indicate identity between all three InsP3R
isoforms and RyR2. (C) Western immunoblot of microsomal pro-
tein (10 mg, all lanes) from COS-1 cells transiently transfected with
control SS DNA, pInsP3RD5-6, pInsP3RD1-4, and the full-length
type 1 receptor (InsP3R-T1). The Western blot was probed with a
type 1 speciﬁc carboxyl-terminal antipeptide antibody (Ramos-
Franco et al., 1998b), and immunoreactive protein was detected
using chemiluminescence reagents (Amersham Life Sciences,
Inc.). Similar results were observed using a type 1 amino-terminal
antibody (data not shown).246 Permeation Pathway of InsP3R Channel
studies (Ramos-Franco et al., 1998b). Thus, proteolipo-
somes prepared from transfected COS-1 cells contain
predominantly recombinant protein. These proteolipo-
somes can then be reconstituted into planar lipid bi-
layers to deﬁne the single channel properties of the
mutant InsP3R channels. This strategy to deﬁne the
function of recombinant InsP3R channels has been suc-
cessfully applied by two laboratories (Kaznacheyeva et
al., 1998; Ramos-Franco et al., 1998b).
InsP3 Binding of the Type 1 InsP3R TMR-deletion Mutants
Equilibrium InsP3 binding assays were performed using
microsomal proteins from transfected COS-1 cells (Ta-
ble I). The full-length recombinant receptor (pInsP3R-T1)
and both TMR-deletion mutants (pInsP3RD1-4 and
pInsP3RD5-6) bind signiﬁcant amounts of InsP3. The SS
DNA control microsomes did not bind InsP3 at signiﬁ-
cant levels above nonspeciﬁc background. The amount
of InsP3 bound was normalized to the relative protein
expression of each InsP3R construct by densitometry.
These results are consistent with previous studies in
which microsomes of transfected COS-1 cells contained
abundant amounts of immunoreactive receptor pro-
tein and bound signiﬁcant amounts of [3H]InsP3 (Mig-
nery et al., 1990). In each case, the level of InsP3 binding
was reduced in the presence of heparin or unlabeled
InsP3. These data indicate that the expressed TMR-
deletion mutant proteins are functional in terms of
InsP3 binding.
Single Channel Properties of the Type 1 InsP3R 
TMR-deletion Mutants
The TMR-deletion mutant InsP3R receptor proteins
were incorporated into proteoliposomes for fusion into
planar lipid bilayer studies. Microsomes from COS-1
cells transfected with either pInsP3R-T1, pInsP3RD1-4,
pInsP3RD5-6, or control SS DNA were solubilized in
CHAPS detergent and sedimented over 5–20% sucrose
density gradients. The tetrameric receptor complex
(i.e., the channel complex) migrates to a position on
the gradient beyond the majority of other proteins
(Mignery and Südhof, 1990). Its position in the gradi-
ent was detected by Western immunoblotting and frac-
tions containing the highest levels of recombinant re-
ceptor reconstituted into l-a-phosphatidylcholine and
l-a-phosphatidylserine containing liposomes as de-
scribed previously (Perez et al., 1997; Ramos-Franco et
al., 1998b).
No detectable InsP3/heparin-sensitive Cs1 conduct-
ing channels were incorporated into the bilayer after
fusion of proteoliposomes containing gradient recep-
tor fractions from nontransfected COS-1 cells, control
(SS DNA)-transfected cells, or pInsP3RD5-6–transfected
cells. Incorporation of proteoliposomes containing the
pInsP3RD1-4 construct resulted in the appearance of a
high conductance (z300 pS) ion channel with high
open probability (.0.80). Sample single channel activ-
ity from the pInsP3RD1-4 channel is shown in Fig. 2.
The pInsP3RD1-4 channel was nearly always open with
frequent and usually brief (z1 ms) ﬂickers to the close
state. Long closed events (.20 ms) were rare. Single
channel activity was observed in the presence (Fig. 2 A)
and absence (Fig. 2 B) of InsP3. Single channel activity
was also not impacted by the addition of 10 mM ryano-
dine or 50 mg/ml heparin (Fig. 2 C). Corresponding
total amplitude histograms under each experimental
condition are also presented in Fig. 2. The channel was
open most of the time with frequent but brief transi-
tions to the closed state. Thus, these data suggest that
the pore formed by the pInsP3RD1-4 protein was not
modulated by agents (i.e., InsP3 and heparin) that
modulate function of wild-type InsP3R channels. Addi-
tionally, the pInsP3RD1-4 pore was constitutively open
(i.e., high Po, n 5 6). Under optimal experimental con-
ditions, the Po of full-length type 1 InsP3R channels is
relatively low (Bezprozvanny et al., 1991; Ramos-Franco
et al., 1998a,b). The high Po and absence of channel
regulation by InsP3 and heparin indicates that the
channel activity observed is not due to endogenous
InsP3R channels. The absence of ryanodine action indi-
cates that it is not due to endogenous RyR channels.
The permeation properties of the pInsP3RD1-4 pore
were also deﬁned. Stationary single channel activity was
recorded for extended periods (z5 min) at several dif-
ferent membrane potentials. The unitary current am-
plitude (Cs1 charge carrier) was measured as a func-
tion of membrane potential. Sample single channel
records at different membrane potential (0, 20, and 40
mV) are shown in Fig. 3 A. A sustained high Po was a
TABLE I
[3H]-InsP3 Binding to InsP3R full-length and TMR Deletion
Expression Products
[3H]-InsP3 bound (cpm 3 1023/mg total protein)
Sample
Minus 
competitor
Plus 1 mM 
unlabeled 
InsP3
Plus 50 mg/
ml heparin
Specific 
binding (cpm 
3 1023/mg 
total protein) 
normalized*
SS DNA 4.32 6 0.27 2.79 6 0.27 3.80 6 0.45 ND‡
pInsP3RD5-6 6.90 6 0.34 2.91 6 0.46 3.89 6 0.17 15.93
pInsP3RD1-4 7.71 6 0.55 3.37 6 0.49 3.77 6 0.55 11.33
pInsP3R-T1 21.09 6 1.23 4.23 6 0.41 3.95 6 0.10 16.86
Data were reported as mean (6SD). Assays were performed in quadrupli-
cate and repeated three times. *Speciﬁc binding was determined by sub-
tracting plus 1 mM unlabeled InsP3 values from the minus competitor val-
ues, and then normalizing to immunoreactive protein levels determined
by densitometric scanning using a GS700 instrument (Bio-Rad Laborato-
ries).  ‡Not determined, no immunoreactive protein was detectable by
densitometry.247 Ramos-Franco et al.
fundamental feature the pInsP3RD1-4 pore at all mem-
brane potentials tested. The activity of this mutant
channel was voltage dependent. For example, the Po in-
creased from z85 to 95% when the membrane poten-
tial was changed from 0 to 40 mV. This modest voltage
dependency of channel activity appears to be a persis-
tent and consistent feature unique to the mutant
InsP3R channel.
The unitary Cs1 current carried by the pInsP3RD1-4
pore was Ohmic with a slope conductance of 284 pS (n 5
9). Unitary Cs1 current reversed at 222 mV, indicating
that the pInsP3RD1-4 pore was cation selective (Fig. 3
B). The unitary Ca21 current was also Ohmic at rela-
tively large negative membrane potentials, with a slope
conductance of 60 pS (Fig. 3 C; n 5 7). The selectivity
of the channel was probed under biionic conditions
(Fig. 3 D). In brief, 30 mM Ca21 was applied to one side
of the channel and 30 mM Cs1 was applied to the
other. The selectivity between Ca21 and Cs1 can then
be calculated from the reversal potential (see meth-
ods). The reversal potential was near 140 mV (n 5
10), indicating the pInsP3RD1-4 pore was Ca21 selective
(PCa/PCs z 6.3). Thus, the pInsP3RD1-4 protein forms a
high conductance and Ca21 selective pore.
discussion
The principal functional attribute of the InsP3R is its
capacity to operate as an intracellular Ca21 release
channel. The permeation and InsP3 regulation of the
native type 1 InsP3R pore have been deﬁned in bilayer
studies (Bezprozvanny and Ehrlich, 1994). The perme-
ation and regulatory properties of the native and re-
combinant InsP3R channels are comparable (Kazna-
cheyeva et al., 1998; Ramos-Franco et al., 1998a,b). The
InsP3R is a high conductance, poorly selective Ca21
channel. It is activated by InsP3 (1 mM) and blocked by
heparin (Bezprozvanny and Ehrlich, 1994; Hagar et al.,
1998; Ramos-Franco et al., 1998a). In the presence of 1
mM InsP3 (250 nM Ca21), the native type 1 InsP3R chan-
nel has a relatively low open probability (z0.15; Bez-
prozvanny et al., 1991). The InsP3R channels are per-
meable to a variety of monovalent (e.g., K1, Na1, and
Cs1) and divalent cations (e.g., Ca21, Ba21, and Mg21).
The main conductance is near 300 pS for monovalent
ions and z60–80 pS for divalent cations (Hagar et al.,
1998; Ramos-Franco et al., 1998a). The channel is also
remarkable for its relatively poor selectivity. The esti-
mated permeability ratio (divalent/monovalent) of the
InsP3R channel pore is near 6 (Bezprozvanny and Ehr-
lich, 1994). Surface membrane channels (e.g., L-type
Ca21 channel) typically have PDIVALENT/PMONOVALENT .
1,000 (Lee and Tsien, 1982). The high conductance
and poor selectivity of the InsP3R channel is similar to
that of the RyR Ca21 release channel (Tinker and Wil-
liams, 1992; Bezprozvanny and Ehrlich, 1994). This is
interesting because the transmembrane regions of the
InsP3R and RyR share signiﬁcant (z40%) primary
cDNA sequence homology (Mignery et al., 1989).
Thus, the structural determinants deﬁning the ion per-
meation pathway may be similar in the InsP3R and RyR
channels.
The original analysis of the InsP3R cDNA suggested
Figure 2. Single channel currents through the pore formed by
the InsP3R TMR-deletion mutant pInsP3RD1-4. This deletion mu-
tant is missing the ﬁrst through fourth TMRs. Representative sin-
gle channel records obtained with 220 mM CsCH3SO3 as the cur-
rent carrier. The membrane potential was 0 mV. The open and
closed current levels are indicated. The data shown are representa-
tive of data collected on six different single channels. Single chan-
nel activity monitored in the presence (A) and absence (B) of
InsP3, and in the presence of heparin (C). The associated ampli-
tude histograms were obtained from several minutes of recording
under each experimental condition. Solid lines represent the best
ﬁts of the two Gaussian distributions. Note the consistently high Po
and similar unitary currents under all experimental conditions.248 Permeation Pathway of InsP3R Channel
the existence of a channel-forming domain near the
COOH terminus of the protein (Mignery et al., 1989).
This suggestion was based on hydropathy and sequence
homology to the RyR protein. It is also clear that the
InsP3R protein oligomerizes (i.e., tetramerizes) to form
the functional Ca21 release channel entity (Mignery et
al., 1989; Sayers et al., 1997) and that the TMRs are in-
volved in targeting and stabilizing the oligomer (Mig-
nery and Südhof, 1990; Galvan, D., E. Borrego-Diaz, P.J.
Perez, and G.A. Mignery, manuscript submitted for
publication). Channel assembly is thought to be a mul-
tideterminant process involving interplay between the
TMRs and the COOH terminus. Two studies have sug-
gested that the ﬁfth and sixth TMRs are key elements
that stabilize the InsP3R tetramer (Joseph et al., 1997;
Galvan, D., E. Borrego-Diaz, P.J. Perez, and G.A. Mig-
nery, manuscript submitted for publication). The loop
that links the ﬁfth and sixth TMRs has been proposed
to be analogous to the H loop of voltage-activated Ca21,
Na21, and K1 channels (Mignery and Südhof, 1993). A
similar suggestion has been made for the correspond-
ing sequence of the RyR protein (Balshaw et al., 1999).
Balshaw et al. (1999) proposed that the region of the
RyR protein bounded by its two most COOH-terminal
TMRs contains a pore-forming segment analogous to
the H loop. Point mutations in this region of RyR1 are
known to modify channel function (Gao et al., 1999;
Lynch et al., 1999). The ﬁfth and sixth TMRs of the
InsP3R may also contain a putative leucine zipper mo-
tif. The presence of a leucine zipper could confer a
degree of structural rigidity that may be important
in stabilizing a pore through coiled-coil interactions
(Simmerman et al., 1996). Thus, it is reasonable to hy-
pothesize that the ﬁfth and sixth TMRs (and the inter-
ceding lumenal loop) are the most likely region of the
InsP3R to form the Ca21-selective pore.
Deletion of the sequence bounded by the ﬁfth and
sixth TMRs (i.e., the pInsP3RD5-6 mutant) did not
form detectable Ca21 channels. However, this mutant
protein did occasionally (z15% of attempts) induce a
very small, sustained nonspeciﬁc leak current. The leak
current reversed at 0 mV and no clear opening or clos-
ing events were observed. Thus, the leak current was
not attributed to the opening and closing of an ion
channel. It is more likely that this leak current was due
to destabilization of the bilayer after incorporation of
integral non–channel-forming protein. A similar leak
current was observed in a previous study with our
pInsP3RDT1ALT construct (Ramos-Franco et al., 1998b).
This type 1 InsP3R construct codes a truncated protein
Figure 3. The conductance and selectivity of
the pInsP3RD1-4 pore. (A) Sample single channel
activity at three different voltages (0, 20, and 40
mV) recorded with Cs1 as a charge carrier. The
open and closed current levels are indicated. Cali-
bration bars represent 1 s and 20 pA. (B) Cur-
rent–voltage relationship in asymmetrical (220/
20 mM) CsCH3SO3 solutions. Each point repre-
sents mean (6SEM) of several (three to nine) de-
terminations on different channels. Points with-
out error bars had error levels within the area of
the symbol. (C) Current–voltage relationship
in asymmetrical Ca21 solutions [0/30 mM
Ca(CH3SO3)2]. Each point represents mean
(6SEM) of several (three to seven) determina-
tions on different channels. (D) Current–voltage
relationship measured under biionic conditions
(30 mM Ca21 trans, 30 mM Cs1 cis). Each point
represents mean (6SEM) of several (4–10) deter-
minations on different channels. Arrow indicates
the extrapolated reversal potential.249 Ramos-Franco et al.
missing the 310 amino-terminal amino acids of the
InsP3 binding domain. This is interesting because the
pInsP3RDT1ALT construct contains all six TMRs.
The implication is that the pInsP3RDT1ALT mutant
formed a constitutively closed channel, while the
pInsP3RD5-6 mutant formed a constitutively open Ca21
release channel.
Deletion of the ﬁrst four TMRs (i.e., the pInsP3RD1-4
mutant) did form high conductance fast gating ion
channels. Control experiments with SS cDNA–trans-
fected cells indicated that the appearance of these
channels was not due to some endogenous COS-1 cell
protein or factor. The activity of the pInsP3RD1-4 chan-
nel was not modiﬁed by the addition of InsP3 or hep-
arin. This is interesting because the protein binds
InsP3, and this binding is blocked by heparin. In the
absence of pharmacological tools, channel identity
was thus conﬁrmed by its permeation proﬁle. The
pInsP3RD1-4 channel was permeable to both monova-
lent (i.e., Cs1) and divalent (Ca21) cations. The Cs1
and Ca21 conductances were z280 and 60 pS, respec-
tively. The channel was cation selective, with a Ca21/
Cs1 permeability ratio of 6.3. These values match those
described for the wild-type InsP3R channel (Bezproz-
vanny and Ehrlich, 1994). This suggests that amino
acid residues 2398–2589 (i.e., ﬁfth and sixth TMR and
interceding loop) contains key determinants of the
InsP3R’s permeation pathway.
The absence of InsP3 regulation despite InsP3 bind-
ing suggests that the deleted sequence (TMRs 1–4, resi-
dues 2211–2416) may couple binding to channel gat-
ing. Alternatively, the missing sequence may annul
ligand regulation by sterically limiting pore structure.
For example, removing surrounding TMRs could ener-
getically restrict molecular motions in pore structure
needed for normal ligand regulation. Such restricted
molecular motion could be manifested as a constitu-
tively open pore.
In summary, this study has localized the InsP3R pore
to a region of 191 amino acids near the COOH termi-
nus of the protein. This region includes the ﬁfth and
sixth TMR and interceding loop. We suggest that a pu-
tative leucine zipper may infer the structural integrity
needed to form a stable pore. A sequence alignment
between the RyR and the InsP3R pore-forming region
reveals potential “hot spots” for future mutagenesis
studies. These hot spots include the valine/isoleucine
residues (i.e., the b-branched amino acids) in the ﬁfth
and sixth TMR and the cluster of conserved glycines in
the ﬁfth to sixth TMR loop.
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